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Key Points:
• Comprehensive spatiotemporal study of satellite orbital drag effects during mag-
netic storms caused by coronal mass ejections
• Stronger drag effects during early main phase of extreme storms occur at low lat-
itudes due to Joule heating propagation from high latitudes
• Densities during the strongest storms show large uncertainties that continue through-
out the recovery phase
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Abstract
We investigate satellite orbital drag effects at low-Earth orbit (LEO) associated with
thermosphere heating during magnetic storms caused by coronal mass ejections. CHAl-
lenge Mini-satellite Payload (CHAMP) and Gravity Recovery And Climate Experiment
(GRACE) neutral density data are used to compute orbital drag. Storm-to-quiet den-
sity comparisons are performed with background densities obtained by the Jacchia-Bowman
2008 (JB2008) empirical model. Our storms are grouped in different categories regard-
ing their intensities as indicated by minimum values of the SYM-H index. We then per-
form superposed epoch analyses with storm main phase onset as zero epoch time. In gen-
eral, we find that orbital drag effects are larger for CHAMP (lower altitudes) in com-
parison to GRACE (higher altitudes). Results show that storm-time drag effects man-
ifest first at high latitudes, but for extreme storms particularly observed by GRACE stronger
orbital drag effects occur during early main phase at low/equatorial latitudes, probably
due to heating propagation from high latitudes. We find that storm-time orbital decay
along the satellites’ path generally increases with storm intensity, being stronger and faster
for the most extreme events. For these events, orbital drag effects decrease faster prob-
ably due to elevated cooling effects caused by nitric oxide, which introduce modeled den-
sity uncertainties during storm recovery phase. Errors associated with total orbit decay
introduced by JB2008 are generally the largest for the strongest storms, and increase dur-
ing storm times, particular during recovery phases. We discuss the implication of these
uncertainties for the prediction of collision between space objects at LEO during mag-
netic storms.
Plain Language Summary
In this work, we investigate the effects caused by atmospheric drag forces on satel-
lites orbiting Earth in the upper atmosphere (∼300-500 km altitude) during magnetic
storms caused by solar perturbations. Atmospheric drag forces during storms have been
recognized by the Federal Government as a natural hazard that could severely impact
satellites and human assets that fly in the upper atmosphere by affecting their contin-
uous tracking and re-entry processes, as well as significantly reducing their lifetimes. Ex-
amples are communications satellites and the International Space Station. We use at-
mospheric density data, a very important ingredient for orbital drag calculations, to in-
vestigate spatiotemporal patterns of their response. By assessing the performance of an
empirical model when predicting orbital drag effects, we find that the model introduces
uncertainties in atmospheric density computations particularly during the recovery of
the most extreme storms. We then suggest physical mechanisms that should be incor-
porated by the model in order to reduce errors associated with atmospheric densities.
1 Introduction
The Sun is a very active and the closest star to the Earth. Due to the high vari-
ability of the solar magnetic field, the Sun presents a solar cycle whose period is around
22 years, but the alternation between maximum and minimum sunspot numbers (SSNs)
is approximately 11 years (Eddy, 1976). The Sun produces disturbances that propagate
explosively away from it in the interplanetary space and eventually encounter Earth in
their way. The most important disturbances with potential space weather impacts are
the so called coronal mass ejections (CMEs). CMEs are more numerous when the Sun
displays an active behavior linked to high SSN levels (Gosling et al., 1991; Ramesh, 2010).
CMEs usually consist in three different parts: a leading edge with a shock, magnetic ma-
terial or inner core, and a magnetic void (Illing & Hundhausen, 1985). Usually CMEs
are the cause of intense-to-extreme magnetic storms as a result of the occurrence of mag-
netic reconnection between the interplanetary magnetic field (IMF) and the geomagnetic
field when IMF is directed southward and lasts for at least a few hours (Gonzalez & Tsu-
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rutani, 1987; Gonzalez et al., 1994). In general, the magnetic field structure that follows
CME leading edges lead the high-latitude thermosphere to higher heating levels than CME-
shock compressions (Lugaz et al., 2016; Kilpua et al., 2019).
The magnetosphere is strongly driven during magnetic storms. During active times,
large amounts of energy and momentum are transported from the magnetosphere through
field-aligned currents and injected into the high-latitude ionosphere-thermosphere sys-
tem (Fuller-Rowell et al., 1994; Liu & Lu¨hr, 2005; Pro¨lss, 2011; Emmert, 2015; Lu et al.,
2016; Kalafatoglu Eyiguler et al., 2018). This electromagnetic energy input increases the
ion motion which in turn enhances the collision between ions and neutral particles in the
ionosphere. As a result, neutral particles are heated and move towards higher regions
in the upper atmosphere, or the thermosphere (Forbes, 2007; Pro¨lss, 2011; Emmert, 2015).
In addition, global wind surges characterized by large-scale gravity waves are generated
at high latitudes and transport energy towards middle and low latitudes (Fuller-Rowell
et al., 1994). Such waves are known as traveling atmospheric disturbances, or TADs (Richmond
& Matsushita, 1975). TADs play an important role in causing global heating and energy
distribution in the thermosphere (Hunsucker, 1982; Hocke & Schlegel, 1996; Bruinsma
& Forbes, 2007). For instance, Sutton et al. (2009) showed that a series of CME-driven
magnetic storms was the cause of thermosphere heating 2 hours at high latitudes and
3.5-4.0 hours at equatorial latitudes after the CME impacts. Such energy propagation
was associated with TADs. Oliveira et al. (2017) showed with a superposed epoch anal-
ysis (SEA) study of thermosphere heating due to magnetic storms caused by CMEs that
energy and heating propagate via TADs from high latitudes to equatorial latitudes within
the average time of 3 hours after storm main phase onset. As a result, LEO satellites
that happen to fly in those regions find themselves in regions with enhanced neutral mass
density levels and experience increased effects related to atmospheric air drag forces (Chopra,
1961; King–Hele, 1987; Moe & Moe, 2005; Pro¨lss, 2011; Prieto et al., 2014; Emmert, 2015;
Zesta & Huang, 2016).
Perhaps the first clear connection between enhanced satellite orbital drag effects
and magnetic activity was reported very early in space age by Jacchia (1959). He stud-
ied ephemeris data from the Russian Sputnik 1958δ1 spacecraft and discovered that the
satellite acceleration increased significantly during a magnetic active period. Current data
show that the main phase of that storm of 8-9 July 1958 ended at Dst (disturbance storm
time index, used to quantify magnetic storm intensities) values smaller than −300 nT.
The spacecraft decelerated because of its loss of gravitational potential energy and the
consequent gain of kinetic energy, which led to a decrease in altitude (Pro¨lss, 2011; Pri-
eto et al., 2014; Emmert, 2015; Zesta & Huang, 2016). Jacchia (1959) correctly attributed
this effect to the upwelling of neutral particles from the lower to the upper atmosphere.
This pioneer observation sparked the interest of many scientists in the following decades
in producing empirical models to estimate densities in the thermosphere (Jacchia, 1970;
King–Hele, 1987; Mayr et al., 1990; Picone et al., 2002; Storz et al., 2002; Pro¨lss, 2011;
S. L. Bruinsma, 2015; Emmert, 2015; Yamazaki et al., 2015; Weng et al., 2017; S. Bru-
insma et al., 2018; Mehta et al., 2018; Sutton, 2018). He et al. (2018) have provided a
review on the comparison between empirical thermosphere neutral mass density mod-
els commonly used in the past decades.
The understanding and improvement of prediction capabilities of satellite orbital
drag during storm times is of paramount importance in current space weather investi-
gations and orbit-prediction data product conceptions. Correctly predicting and fore-
casting orbital drag can lead to satellite collision avoidance, reentry precision of decom-
missioned satellites, and increase of satellite life times (Pro¨lss, 2011; Emmert, 2015; Zesta
& Huang, 2016; He et al., 2018). For example, the U.S. Department of Defense’s Space
Surveillance Network is a program whose mission is to identify, catalogue, and track ar-
tificial space objects/debris orbiting Earth. This network keeps track of more than 2,000
objects larger than 10 cm that could potentially collide with active LEO satellites which
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could in turn lead to their complete damage and losses. For instance, space debris pro-
duced by the event involving the total destruction of the Chinese meteorological satel-
lite Fengyan 1C in 2007 immediately increased the collision risk of LEO satellites by ap-
proximately 10% (Pardini & Anselmo, 2009; Zesta & Huang, 2016). In addition, the un-
expected collision between two communications satellites, the active American Iridium
33 satellite and the inactive Russian Cosmos 2251 satellite, increased the space debris
by nearly 25% (Wang, 2010). The accuracy improvement of satellite orbital decay pre-
dictions during magnetic storms can play an important role as a tool in preventing the
occurrence of the Kessler Syndrome, which was suggested by Kessler and Cour-Palais
(1978). The authors predicted with simulations that successive collisions of LEO space-
craft with other spacecraft and/or space debris would increase the debris population ex-
ponentially and subsequently lead to a cascade of high collision levels triggered by the
augmented debris levels in space. This would lead to the ultimate scenario of some for-
bidden orbit regions to LEO satellites due to high risk of collisions there. Satellite or-
bital drag has been identified by the U.S. Federal Government as a natural hazard that
could “disrupt satellite, aircraft, and spacecraft operations; telecommunications; posi-
tion, navigation, and timing services”, as identified by the National Space Weather Strat-
egy. The subsequent National Space Weather Action Plan further outlines goals and roadmaps
in order to successively protect human assets in space and on the ground from space weather
threats. See a general introduction and links to these documents in Lanzerotti (2015)
and Jonas and McCarron (2016).
Recently, Krauss et al. (2018) investigated the effects of magnetic storms on the
subsequent drag forces on two LEO missions, CHAMP (CHAllenge Mini-satellite Pay-
load, Reigber et al., 2002) and GRACE (Gravity Recovery And Climate Experiment, Ta-
pley et al., 2004). They found that satellite orbital decay rates and the subsequent time-
integrated orbital decay show a strong dependence on the spacecraft’s altitude. The au-
thors reported that the orbital decay at CHAMP altitudes were approximately three times
larger than the total orbital decay at GRACE altitudes during the severe storm of 24
August 2005. These authors showed that mild storms can cause orbital decays at CHAMP
altitudes whose magnitudes are comparable to orbital decays at GRACE altitudes caused
by much more intense storms. In addition, Krauss et al. (2018) showed that the orbital
decay of CHAMP and GRACE were strongly associated with minimum values of IMF
Bz and SYM-H recorded during storm main phases, where the lower Bz and SYM-H,
the more severe the orbital decay. In a previous work, Krauss et al. (2015) showed that
the orbital decay associated with the GRACE spacecraft during the most extreme mag-
netic storm in the CHAMP/GRACE era (20 November 2003) was ∼70 m approximately
60 hours after that storm main phase onset.
Despite all these efforts, a statistical study that quantifies general statistical pat-
terns of satellite orbital drag response to magnetic storms caused by CMEs, particularly
with different storm intensity levels, still lacks in the literature. The main goal of this
work is to fill in this gap. In addition, we will address the capability of an empirical ther-
mosphere model of predicting satellite orbital decay effects during CME storms with dif-
ferent intensities. We will address the possible causes of uncertainties arising during storm
times, which are of particular importance when computing probabilities and predictions
for collisions of space objects during magnetically active times.
In this paper, we present for the first time an SEA study of the spatiotemporal LEO
satellite orbital drag effects with 217 magnetic storms caused by CMEs in the period May
2001 to December 2015. Our particular interest is in the spatial and temporal patterns
of orbital drag effects induced by heating propagation from auroral latitudes toward equa-
torial latitudes, as well as effects introduced by CHAMP and GRACE altitudes. The ther-
mosphere neutral mass density data were obtained from accelerometers on-board the CHAMP
and GRACE missions. The background or quiet density was computed with a thermo-
sphere empirical model. Data and model will be presented in section 2, as well as the
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techniques used for satellite orbital decay computations. The storm of 24 August 2005
will be used to illustrate our approach in section 3. Section 4 presents the main results.
Finally, section 5 concludes the paper.
2 Data, model and orbital drag computations
2.1 Catalogue of coronal mass ejections
We use the CME catalogue provided and maintained by Dr. Ian Richardson and
Dr. Hillary Cane (Richardson & Cane, 2010). Observation times in the solar wind at L1
upstream of the Earth of plasma and IMF data (next subsection), as well as shock-associated
sudden impulse times and minimum Dst values are provided by the catalogue. Main in-
formation on techniques used to build and maintain this catalogue is outlined by Richardson
and Cane (2010).
2.2 Interplanetary magnetic field, magnetic index, and sunspot num-
ber data
The IMF data are obtained from the OMNI database. IMF is represented in the
geocentric solar magnetospheric system. The data are shifted to the magnetopause nose
(at X = 17RE) and the techniques used to accomplish this were outlined by King and
Papitashvili (2005). The IMF data has 1-min time resolution.
In this work, magnetic activity is indicated by the SYM-H index delivered by the
World Data Center in Kyoto, Japan. The SYM-H index is similar to the well-known 1-
hour resolution Dst index, but it has resolution of 1 minute. We use the former as op-
posed to the latter because we are interested in thermosphere changes within the time
domain of minutes. The SYM-H index was first suggested by Iyemori (1990).
Solar activity is indicated by the monthly-averaged SSN data. The SSN data are
compiled by SILSO (Sunspot Index and Long-term Solar Observations) of the Royal Ob-
servatory of Belgium, in Brussels. An entire Solar Physics issue has been dedicated to
the recent recalibration methods used to determine SSNs (Clette & Lefe`vre, 2016).
2.3 Neutral mass density data
We use data from two LEO satellites, namely CHAMP and GRACE. CHAMP was
launched on 15 July 2000 and reentered on 19 September 2010. The mission started to
orbit Earth at the initial altitude 456 km passing through Earth’s poles in time inter-
vals near 90 minutes with orbit inclination 87.25◦. CHAMP precessed around Earth com-
pleting a full longitudinal cycle around the planet in approximately 131 days. The mis-
sion was managed by the GeoForschungsZentrum (GFZ), the German Research Centre
for Geosciences, in Potsdam, Germany. CHAMP was equipped with the STAR (Spatial
Triaxial Accelerometer for Research) accelerometer, whose acceleration precision was 3.0×10−9
m/s2 within 0.1 Hz (Bruinsma et al., 2004).
The GRACE constellation consisted of a pair of satellites (GRACE-A flying ∼220
km ahead of GRACE-B) that were launched on 17 March 2002 at an altitude of near 500
km with orbit inclination 89.5◦. The spacecraft reentered on 10 March 2018 and 24 De-
cember 2017, respectively. GRACE’s period was 95 minutes and it covered all local times
in a time interval of 160 days. The accelerometer onboard GRACE was the Super-STAR
instrument, with precision and cadence ten times larger than CHAMP’s STAR accelerom-
eter (Flury et al., 2008). The GRACE mission was operated by NASA and by the Deutsches
Zentrum fu¨r Luft- und Raumfahrt e.V. (DLR), the German Aerospace Center. Given
the similarities of both spacecraft observations, we use in this study only GRACE-A data,
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Figure 1. Yearly-averaged storm number distributions for CHAMP (light green bars) and
GRACE (light purple bars) along with monthly-averaged SSNs (solid brown line) during the
period 1 January 2001 to 31 December 2015. The vertical dashed line indicates the transition
from SC23 to SC24 in January 2009. The numbers between brackets correspond to the number of
events occurring during CHAMP and GRACE commission times.
henceforth GRACE data. This choice is also justified by the higher data quality presented
by GRACE-A particularly after 2007.
This study is a continuation to the work of Oliveira et al. (2017), who used the whole
CHAMP data available and GRACE data from the mission’s beginning up to Septem-
ber 2011. Now, with the addition of GRACE data from October 2011 to December 2015,
it is possible to include over 50 storms in the current analysis.
The whole CHAMP data set and the first GRACE data set portion were processed
by Sutton (2008). These data sets have been validated by many papers (see, e.g., Forbes,
2007; Pro¨lss, 2011; Emmert, 2015; Zesta & Huang, 2016; He et al., 2018). The calibra-
tion method used in the latter part of the GRACE data set is described by Klinger and
Mayer-Gu¨rr (2016). A validation of the October 2011 to December 2015 GRACE data
has recently been performed by Krauss et al. (2018).
2.4 Distribution of magnetic storm and sunspot numbers
Figure 1 represents the annual number distributions of magnetic storms occurring
during CHAMP’s commission time (light green bars) and GRACE’s commission time
(light purple bars) during the interval May 2001 to December 2015, according to the CME
catalogue. The solid brown line indicates the SILSO monthly-averaged SSNs for Jan-
uary 2001 to December 2015.
Oliveira et al. (2017) presented results from the pre-maximum phase of solar cy-
cle (SC) 23 until the beginning of SC24. SC24 began in January 2009 (dashed black line).
The present work shows the additional period concerning the rising, maximum and most
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Figure 2. Histogram with the numbers of storms grouped by the intensity categories defined
in Table 1. The Venn diagram documents the number of CHAMP and GRACE observations as
well as the number of storms observed simultaneously by both missions.
of the declining phase of SC24. Therefore, the current analysis uses 15 years of neutral
mass density data, a period longer than a regular SC. SC24 is noticeably weaker in com-
parison to SC23 as for the smaller number of SSNs observed on the Sun’s surface. The
total number of storms observed by the spacecraft correlate well with SSNs, but the over-
all number of storms in SC24 is smaller than in SC23.
The National Oceanic and Atmospheric Administration (NOAA) provides space
weather scales for magnetic storms (https://www.swpc.noaa.gov/noaa-scales-explanation).
NOAA defines groups from 1 to 5, namely minor, moderate, strong, severe, and extreme,
with respect to increasing values of the Kp index. We follow the same nomenclature as
suggested by NOAA, but we define our groups in terms of the minimum value of the SYM-
H index at the end of each individual storm main phase. The storm groups are summa-
rized in Table 1. The link provided above also shows general information about the im-
pact storms with different intensities can have on power transmission lines, satellite op-
erations, and other technological systems.
Figure 2 shows results for the storm intensity distributions of CHAMP (light green
bars) and GRACE (light purple bars), respectively. The Venn diagram in the inset plot
shows that the number of storms with available data for CHAMP and GRACE are 151
and 213, respectively, whereas the total number of individual storms is 217, with 147 storms
having data available from both missions. Table 1 shows the number of events with data
from either CHAMP or GRACE, or both, available for each category. Zesta et al. (2018)
provided a detailed description of the dynamic response of all storms, with emphasis on
the extreme events shown in Figure 2.
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Storm Intensity Categorya SYM-H intervalb # of eventsc
Minor G1 SYM-H ≥ −50 nT 90
Moderate G2 −100 ≤ SYM-H < −50 nT 78
Strong G3 −150 ≤ SYM-H < −100 nT 28
Severe G4 −250 ≤ SYM-H < −150 nT 14
Extreme G5 SYM-H < −250 nT 7
Total: 217 events
a Following NOAA’s nomenclature.
b This definition of storm intensity intervals is arbitrary.
c Number of events in each category with CHAMP and/or GRACE data.
Table 1. Definitions of Storm Intensity Categories Used in this Work.
2.5 CHAMP and GRACE semi-major axes
As described in section 2.3, GRACE was launched into a higher altitude (h) in com-
parison to CHAMP. This reflects on the altitude variations of both satellites when fly-
ing over equatorial and polar regions. In this work, we use the semi-major axes of both
satellites, measured with respect to the Earth’s center, taking into account the non-uniformity
of the Earth’s radius (RE). Considering the Earth is flattened at the poles and bulged
at the equator, and its equatorial radius REe = 6,378 km, and its polar radius REp =
6,357 km, we use a corrected expression for the Earth’s non-uniform radius as a func-
tion of REe, REp, and geographic latitude (θ), provided by Torge (1980). In addition,
we include corrections (agp) to the semi-major axes resulting from gravitational pertur-
bations as suggested by Chen et al. (2012). Therefore, the semi-major axes as a func-
tion of time (t), computed in this study are given by
a(t) = RE(REe, REp, θ, t) + h(t) + agp(t) . (1)
The CHAMP (light green line) and GRACE (light purple line) semi-major axes are
shown as a function of time in Figure 3. The thick green and purple lines show the daily-
averaged 〈a〉 semi-major axis for each mission. The sudden jumps in the CHAMP semi-
major axis in 2002, 2003, 2006 and 2009 correspond to maneuver procedures used to cor-
rect the spacecraft’s altitude (Bruinsma et al., 2004). On the other hand, GRACE pre-
sented a larger semi-major axis variation and a smaller decay rate because it operated
at higher altitudes. See Oliveira et al. (2017) and Krauss et al. (2018) for CHAMP’s and
GRACE’s annual decay rates and altitude distributions, respectively.
2.6 Thermosphere empirical model
In this work, we use the Jacchia-Bowman 2008 empirical model (Bowman et al.,
2008, hereafter JB2008) to compute modeled thermosphere neutral mass densities. Early
versions of JB2008 used only Jacchia’s diffusion equations (Jacchia, 1970) and solar ul-
traviolet heating represented by the solar radio flux at wavelength 10.7 cm (F10.7) in-
dex and its average 〈F10.7〉 centered at 81-day intervals. It was noted that only taking
ultraviolet (UV) heating would result in density errors with periods of approximately 27
days, or a solar rotation. Bowman et al. (2008) included semi-annual variation correc-
tions that accounted for EUV and FUV radiations, namely extreme and far UV radi-
ations, as well. In addition, the use of the Dst index as a replacement for the global ap
index (3-hour time resolution) in the magnetic activity contribution also contributed to
the improvement of the model accuracy.
The JB2008 model computes thermosphere neutral mass density from a single pa-
rameter, the local exosphere temperature, here represented by T∞. This temperature is
–8–
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Figure 3. Semi-major axes a, in km, computed for CHAMP (light green line) and GRACE
(light purple line) missions, with respect to the Earth’s center, according to equation 1. The dark
green and purple lines indicate semi-major axis daily averages 〈a〉 for CHAMP and GRACE,
respectively. The secondary vertical axis indicates the spacecraft’s altitudes with respect to the
Earth’s surface.
represented by
T∞ = T`(θ, δ, τ) + ∆TLST (τ, θ, h) + TUV (χ) + TMA(Dst) , (2)
where T` corresponds to an empirical formula for the local exospheric temperature as
a function of latitude θ, solar declination δ, and local time τ ; ∆TLST is an altitude-dependent
(h) local solar time correction; TUV is the solar contribution dependent on solar EUV
and FUV irradiance as a function of solar indices χ including X-ray and Lyman-α wave-
lengths (see review by He et al., 2018); and TMA is a global correction resulting from mag-
netic activity and computed as a function of the Dst index according to an empirical for-
mula provided by Burke et al. (2009).
2.7 Satellite orbital decay computation
Nowadays, observations of LEO satellite drag effects are performed by either ground
tracking radar or accelerometers on-board the spacecraft, as for the cases of CHAMP
and GRACE (section 2.3). In the case of accelerometers, the focus of this paper, the drag
acceleration is given by the expression known as the drag equation
ad = −1
2
ρCD
S
m
V 2, V = |~Vs/c − ~Vwind| , (3)
where S is the satellite area of contact with the external environment; CD is the drag
coefficient; m is the satellite’s mass; ρ is the neutral mass density; and V is the magni-
tude of the relative speed between the spacecraft velocity (~Vs/c) and the local wind ve-
locity (~Vwind). The wind velocity corresponds to the sum of the atmospheric rotational
velocity and any residual winds at the satellite’s location (Marcos et al., 2010).
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From all the parameters listed in equation 3, the spacecraft’s area and mass his-
tory are assumed to be well known. The drag acceleration ad is known to be very ac-
curate as measured by the STAR and Super-STAR instruments (see section 2.3). The
relative velocity V can sometimes be a large source of errors because the residual veloc-
ities in ~Vwind are not very well modeled and observed (Marcos et al., 2010; Prieto et al.,
2014; Zesta & Huang, 2016). As a result, the drag coefficient is most of the time the ma-
jor source of density errors in neutral mass density determinations according to equa-
tion 3.
The drag coefficient is a unitless macroscopic parameter that depends closely on
the energy and momentum transfer between the atmospheric environment and the space-
craft. In addition, CD depends on the geometric properties of the spacecraft, the space-
craft orientation with respect to the gas flow (angle of atack), and the physical proper-
ties of the surfaces of contact (Moe & Moe, 2005; Marcos et al., 2010; Zesta & Huang,
2016). In a review by Vallado and Finkleman (2014), the authors pointed out that for
LEO satellites such as CHAMP and GRACE CD can acquire values between 2 and 4.
According to equation 3, this difference could lead to an error of 100% in the measure-
ment of neutral densities considering only errors introduced by the drag coefficient.
Drag coefficients are usually obtained by numerical models that simulate the in-
teraction between the atmosphere and the satellite through energy and momentum ex-
change (Moe & Moe, 2005; Prieto et al., 2014), and by fitting orbital drag parameters
during operations (e.g., McLaughlin et al., 2011). In this study, we use the drag coef-
ficients calculated by Sutton (2009). He employed normalized coefficients specifically for
the case of satellites with elongated shapes such as CHAMP and GRACE. By using the
assumption of incident molecular flow under the regime of random thermal motion with
diffuse reemission, (Sentman, 1961; Moe & Moe, 2005), Sutton (2009) compared CHAMP
data with High Accuracy Satellite Drag Model (HASDM) data (Storz et al., 2002) and
was able to reduce the density errors by nearly 36% when these assumptions were not
considered.
The satellite storm-time orbital decay rate (ODR) is calculated according to the
expression (Chen et al., 2012)
da
dt
= −CD S
m
√
GM〈a〉∆ρ , (4)
where, respectively for each satellite, CD, S and m are the same parameters shown in
equation 3. In this equation, the plate surface areas are the projected values perpendic-
ular to the in-track direction (Doornbos, 2012; Krauss et al., 2012). Both satellites’ rel-
evant areas and mass histories are obtained from Bruinsma and Biancale (2003) and Bettadpur
(2007), respectively. ∆ρ = ρ − ρ0 is the difference between the observed and modeled
background densities (see section 3). G = 6.674×10−11 m3·kg−1·s−2 is the gravitational
constant, and M = 5.972×1024 kg is the Earth’s mass. 〈a〉 is the daily-averaged semi-
major axis computed by equation 1 and shown in Figure 3 for the particular time of ob-
servation.
Since the background density effects have been removed, the storm-time orbital de-
cay (SOD) is then computed by integrating ODR over time along the satellite’s path as
d(t) =
t2∫
t1
a(t)dt , (5)
where t1 and t2 are arbitrary times taken around some specific CME forcing event (CME
impact time or onset of a magnetic storm main phase).
In the next section we use the 24 August 2005 magnetic storm event to illustrate
our methodology. Later on, we show results of superposed epoch analyses for CHAMP
–10–
manuscript submitted to Space Weather
and GRACE to investigate satellite orbital drag effects and discuss the performance of
the JB2008 model in predicting satellite orbital drag during our CME-driven storms.
3 Methodology
3.1 The 24 August 2005 magnetic storm as an example
Figure 4 documents results for the 24 August 2005 magnetic storm. Modeled and
observed densities, as well as decay rates and storm-time orbital decays are shown for
CHAMP (left column), and GRACE (right column). The top row shows results of IMF
Bz (Figure 4a1), and SYM-H (Figure 4a2). The horizontal axes indicate date and uni-
versal time.
The first dashed vertical line indicates the time of CME/shock impact (leading edge),
whereas the second one represents the time in which IMF Bz abruptly turns southward
(magnetic material). The first event is associated with the sudden impulse whose well-
known signature is a sharp increase in ground magnetic measurements (Oliveira et al.,
2018; Rudd et al., 2019), while the second event usually coincides with the storm main
phase onset, when Dst/SYM-H measurements become highly depressed due to ring cur-
rent energization (Gonzalez & Tsurutani, 1987; Gonzalez et al., 1994). Although com-
pressions resulting from dynamic pressure enhancements can increase high-latitude neu-
tral density measurements (Shi et al., 2017; Ozturk et al., 2018), storm time heating is
responsible for larger and global effects on the thermospheric neutral mass density (e.g.,
Krauss et al., 2015; Oliveira et al., 2017).
Before the CME/shock impact, IMF Bz varies between ±5 nT. During the shock
impact, Bz decreases to almost −20 nT. After the shock at 0613 UT, Bz increases to val-
ues larger than 40 nT. That is the moment of IMF Bz southward turning, at 0915 UT,
when it abruptly turns from large positive values down to almost −60 nT. Bz stays neg-
ative during the next 3 hours or so, reaching strong positive values, with a few excur-
sions to negative values in the next 9 hours. Then, Bz returns to the similar behavior
it showed before the CME arrival. At the moment of shock impact, a sudden impulse
signature is evident from the SYM-H profile. Then, at the end of the storm main phase,
SYM-H arrives at the minimum value of −178 nT, which falls into the G4 (severe) storm
category as shown in Table 1. The storm main phase lasted for only 3 hours during that
storm, and the ring current took a few days to recover from that CME’s driving effects.
The techniques used to obtain the modeled quiet-time density used in this work
have been described by Oliveira et al. (2017) and Zesta et al. (2018), but here we pro-
vide a brief explanation. The ratio between observed and modeled background neutral
density for the regime of low-magnetic activity (excluding storm and compression effects,
i.e., |SYM-H < 30nT) is fitted to a polynomial expansion to the 15th degree. The result-
ing fit function f(t) is then interpolated and multiplied by the background JB2008 den-
sity with the term TMA in equation 2 set to zero to exclude magnetic activity effects.
The modeled quiet-time density is then the product between f(t) and the background
JB2008 density.
The modeled quiet-time density, here represented by ρ0, is indicated by the orange
lines in Figure 4b1 for CHAMP, and in Figure 4b2 for GRACE. The solid blue lines in-
dicated in both panels represent the CHAMP and GRACE observed density data, re-
spectively.
Before the CME arrival, the observed and the modeled densities agree remarkably
well. This assures that the density ratio ρ/ρ0 and the density difference ∆ρ = ρ − ρ0
are as much close to 1 and zero as possible, respectively. After the CME/shock arrival,
due to CME forcing, particularly during the storm main phase, ρ/ρ0 > 1 and ∆ρ > 0
indicate density enhancements due to magnetic activity only. This is evident for the pe-
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Figure 4. IMF Bz, SYM-H, and CHAMP/GRACE neutral mass density data for the 24
August 2005 magnetic storm. In all panels, the first dashed vertical line corresponds to the CME-
shock impact, whereas the second dashed vertical line indicates the storm main phase onset.
(a1), IMF Bz component; (a2), SYM-H index, both in nT. (b1-d1) and (b2-d2) indicate observed
densities and quiet-time JB2008 densities, storm-time orbital decay rates (da/dt, equation 4),
in m/day, and storm-time orbital decay (d, equation 5), in m, for both CHAMP and GRACE,
respectively.
riods between 0613 UT and 0915 UT, due to high-latitude compression effects, and af-
ter 0915 UT, due to storm effects, as seen in Figures 4b1 and 4b2.
This is subsequently reflected on the ODRs, which are calculated by equation 4 and
shown in Figure 4c1 (CHAMP) and 4c2 (GRACE). The decay rates for both spacecraft
oscillate around null values before shock impact in both cases, but they are slightly nois-
ier in the CHAMP case. da/dt starts to enhance for CHAMP and GRACE after the CME
impact, but it reaches its minimum value after the storm main phase onset, leading to
da/dt = –250 m/day and da/dt = –150 m/day for both spacecraft, respectively. The de-
cay rate is more intense in the CHAMP case because GRACE was at higher altitudes
during that storm (averaged 364.22 km and 481.95 km, respectively), leading to larger
∆ρ in the CHAMP case. Particularly for that storm, large da/dt values for CHAMP were
typically two times larger than GRACE da/dt values.
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The SOD, as calculated by equation 5, is shown for CHAMP (Figure 4d1) and GRACE
(Figure 4d2). In both panels, the solid orange lines indicate the orbital decays (d0) of
both satellites if there was no storm occurring, with d0 = 12.00 m for CHAMP, and d0
= 2.90 m for GRACE, at the end of the 72-hour storm interval. In contrast, the solid
blue lines show the actual storm contribution to the orbital decay. Before CME arrival,
d(t) is close to zero for both spacecraft. It slightly decreases after the CME impact/compression,
but it decreases abruptly after storm main phase onset. CHAMP’s total decay is ∼ –
86 m, while GRACE’s decay is almost 3.5 times weaker, –25 m. This example clearly
shows that storms can produce significant orbital drag effects on LEO satellites, which
could be nearly 10 times larger than the drag effects during low or quiet magnetic con-
ditions. Our drag effect results agree remarkably well with the results of Krauss et al.
(2018) for the very same magnetic storm within similar time intervals.
3.2 Modeled/observed data comparison for the 20 November 2003 mag-
netic storm
In this subsection, we use the 20 November 2003 magnetic storm to investigate the
JB2008 model performance in computing neutral mass density and predicting orbital drag
effects. This storm had −492 nT as the minimum SYM-H value, and is hitherto the most
extreme magnetic storm in the era of high-precision accelerometers on-board LEO satel-
lites.
The results are shown in Figure 5, displayed in the same fashion as in Figure 4, but
with two differences. First, data (left column) and model (right column) results are shown
for GRACE only; second, the modeled storm-time density data is computed by using the
full magnetic activity contribution to the exospheric temperature provided by the JB2008
model, meaning the term TMA is not zero in equation 2.
The general IMF Bz and SYM-H index dynamics are very similar to the 24 Au-
gust 2005 magnetic storm. Minimum Bz (Figure 5a1) reached almost −60 nT in both
storms, but it stayed southward-oriented for nearly 12 hours in the 2003 storm. This re-
flects on the duration of the main phase of the 2003 storm since it lasted longer and the
minimum SYM-H value was much lower than in the case of the 2005 storm (Figure 5a2);
however, the ring current during the 20 November 2003 storm recovered faster in com-
parison to the 24 August 2005 magnetic storm. This result is consistent with the works
of Aguado et al. (2010) and Cid et al. (2013), who performed modeling and experimen-
tal studies to conclude that, in general, the more intense storms are associated with faster
magnetospheric recovery times.
Figure 5b1 shows the same trends as seen for the observed cases for CHAMP and
GRACE in Figure 4b1 and 4b2. However, the modeled density shown in Figure 5b2 shows
a slightly different behavior. In spite of the fact that JB2008 captured the density dy-
namics remarkably well, it overestimated densities during quiet times, underestimated
densities during storm times, particularly the largest values, and overestimated densi-
ties again during storm recovery phase. The density overestimation of the pre-storm data
may be due to carbon dioxide (CO2) cooling effects during quiet times (Mlynczak et al.,
2014). On the other hand, the density underestimation during storm times may be due
to the inability of the model to capture the spikes, but corrections to the exospheric tem-
perature estimation may alleviate this deficiency (Sutton, 2018). Finally, the density over-
estimation during storm recovery phase may be a result of the super-production of ni-
tric oxide (NO), that has a high cooling power effect on the thermosphere through in-
frared emissions (Kockarts, 1980; Mlynczak et al., 2003; Knipp et al., 2017). These ef-
fects are also seen in the observed and modeled decay rates (Figures 5c1 and 5c2), where
the most enhanced values of da/dt computed by the JB2008 model can be 100% smaller
than the observed da/dt values.
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GRACE data/model comparison for the 20 November 2003 magnetic storm
Figure 5. The same as in Figure 4, but for GRACE observed data (left column) and GRACE
modeled data (right column) for the 20 November 2003 magnetic storm. This is not only the
most extreme storm of SC23, but also the most extreme storm of the era of high-accuracy satel-
lite data provided by the CHAMP and GRACE missions.
The SOD for GRACE during the 20 November 2003 storm was –70.62 m during
the 60-hour storm interval shown in Figure 5d1. This SOD also agrees well with the re-
sults of Krauss et al. (2015) for the same event. This is more than 10 times larger than
the orbital decay considering the same conditions during quiet times (d0 = –6.85 m). In
contrast, as shown in Figure 5d2, the modeled SOD is –79.09 m, which shows a mod-
erate overall agreement with the observations, with relative error of ∼ 12%. This is the
result of the error superposition produced by the overestimation and underestimation
intervals discussed above. This result shows that our method applied to long-term mod-
eled orbital decay computations produces good results for predicting LEO satellite or-
bital decay during the most extreme magnetic storm in our data set, but it is not ap-
propriate to reproduce the storm hour-by-hour dynamics correctly. This suggests the model
needs to be updated in order to predict and forecast satellite orbital decay in short-time
intervals with more precision.
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4 Statistical results
In this paper, we use the technique of SEA to investigate statistical patterns and
dynamics of ODRs and SODs during magnetic storms with different intensities. The SEA
technique is used when a quantity is highly dynamic in a variable system. Apparently
this technique was introduced in our community by Chree (1913), who superposed SSN
frequency and the daily range of magnetic declination observed at the Kew Observatory.
Here, we superpose satellite orbital drag effect variations by lining up the density data
with respect to the storm main phase onset for each storm. This choice of zero epoch
time (ZET) coincides with the IMF Bz southward turning similar to those seen in Fig-
ures 4 and 5.
However, as pointed out by a reviewer, mixing together events where a satellite’s
orbit varies significantly from event to event can cause unintended weighting; storms oc-
curring when the satellites are at lower altitudes (later in the satellite mission) are overem-
phasized while those occurring when the satellite is at higher altitudes (earlier in the satel-
lite mission) are underemphasized in the average. Although this may be a caveat, we will
proceed with the analysis given the limited number of events with high-quality density
data, particularly the ones occurring during the most extreme magnetic storms.
4.1 Superposed epoch analysis - storm-time orbital decay rate (ODR)
4.1.1 CHAMP storm-time ODR results
Figure 6 shows results for the storm-time ODRs associated with the CHAMP satel-
lite. The left column indicates results for the observed da/dt (as discussed for the 24 Au-
gust 2005 magnetic storm), and the middle column represents results for the modeled
da/dt (as discussed for the 20 November 2003 magnetic storm). The right column shows
the difference ∆X = Xmod − Xobs, with X = da/dt, between the modeled and observed
ODRs. This means that if ∆X > / < 0, the model underestimates/overestimates ODR,
respectively. The first row shows SEA results for all storms, whereas the subsequent rows
show results for the storm categories with increasing intensities (Table 1). All panels in
Figure 6 are centered at 12 hours and 72 hours around ZET, marked by the dashed ver-
tical lines. The vertical axes indicate magnetic latitude (MLAT), in degrees. MLAT data
are allocated in 5-degree bins, whereas epoch time data are allocated in 15-minute bins.
For all storms, observed da/dt in Figure 6a1 shows similar patterns as reported by
Oliveira et al. (2017) for latitudinal thermosphere heating: observed da/dt is first enhanced
at high latitudes and later enhanced at equatorial latitudes within approximately 3 hours.
This is a result of heating propagation from auroral regions towards very low latitude
regions due to global wind surges and TADs (Fuller-Rowell et al., 1994; Bruinsma & Forbes,
2007; Sutton et al., 2009; Oliveira et al., 2017). da/dt enhancements are slightly stronger
in the Northern Hemisphere (NH) because of altitudinal effects introduced by the inclined
orbit of CHAMP. ODRs remain moderate (∼ –30 m/day) until 18 hours after ZET, when
the thermosphere cools first in the Southern Hemisphere (SH). As shown in Figure 6a2,
the model fails to reproduce the latitudinal patterns of the da/dt enhancements seen in
the previous description and reported by Oliveira et al. (2017). As a result, JB2008 un-
derestimates ∆X by approximately –12 m/day during 0 < t < 3 hours, particularly at
high latitudes, and later overestimates ∆X by the same amount, with some weak un-
derestimation around t = 24 hour and t = 42 hours (Figure 6a3).
The satellite drag effects for the minor storms (G1) are very weak, as seen for the
observed (Figure 6b1) and modeled (Figure 6b2) ODRs. Figure 6b3 shows that JB2008
overestimates da/dt (∆X around 6 m/day) for the G1 storms, with exception for an un-
derestimation interval (∆X around –6 m/day) between t = 6 hours and t = 12 hours.
Figure 6c1 shows that the moderate observed da/dt resembles the da/dt behavior for all
storms until approximately t = 18 hours, but it remains enhanced for more 18 hours mainly
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CHAMP storm-time orbital decay rate data/model comparison
Figure 6. Results of superposed epoch analysis of CHAMP storm-time orbital decay rate
da/dt, in m/day, calculated according to equation 4. Left column, observed da/dt; middle col-
umn, JB2008 da/dt; and right column, difference ∆X = Xmod − Xobs, with X = da/dt. First
row indicates results for all events, while the second to the sixth rows indicate results for storms
with increasing intensities (Table 1). The latitudinal data are binned in 5-degree bins, whereas
the epoch time data are binned in 0.25-hour bins.
in the NH. The model results look similar, but the latitudinal heating distribution does
not appear in the model results (Figure 6c2). There is some overestimation within 3 hours
after ZET for the G2 storms (Figure 6c3), but the overall model performance is of over-
estimation, with some worse points at both hemispheres’ high latitudes, particularly in
the SH. However, orbital decay rates tend to persist longer in this category. For the case
of strong storms (G3, Figure 6d1), the observed ODR is strong between 0 < t < 22 hours,
particularly in the NH. The modeled da/dt levels stay strong until t = 26 hours, but are
stronger than the observed results particularly in the NH (Figure 6d2). The model does
not reproduce latitudinal heating propagation due to TADs, and the model overestimates
ODR during 6 < t < 22 hours, and later particularly for the SH high latitudes (Figure
6d3). Observed and modeled da/dt results for the severe storms (G4) are similar to the
G3 storm results, but are clearly more intense, particularly in the NH (Figures 6e1 and
6e2). Clearly G4 storm orbital drag effects are overestimated by JB2008, and ∆X < –
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10 m/day in all latitudes with ∆X < –16 m/day appearing every other 6 hours (Fig-
ure 6e3).
The results shown for the G5 (extreme) storms in the last row of Figure 6 indicate
a significantly distinct behavior in comparison to all storms in the other groups, or for
all storms combined. Some observed da/dt enhancements are seen at high and middle
latitudes before ZET (Figure 6f1) due to the CME/shock impacts preceding the onset
of the storm main phases (Oliveira et al., 2017; Shi et al., 2017; Ozturk et al., 2018). In
addition, right at t = 0, ODRs are strongly enhanced at high- and mid- latitude to val-
ues much more intense than those shown in the other storm intensity categories, with
da/dt < –60 m/day. da/dt becomes intensely enhanced at equatorial latitudes due to
TAD propagation, which occurs in less than 1.5 hour, half the average time of 3.0 hours
found by Oliveira et al. (2017) for all storms. As for the modeled da/dt, Figure 6f2, the
model satisfactorily reproduces the observed da/dt behavior until t = 18 hours (except
the TAD propagation after ZET), but the model overestimates orbital drag effects through-
out the storm recovery phase. Perhaps the model, due to its statistical and empirical na-
ture, did not capture the overall heating by TAD propagation as seen in the observation
case because the model uses the Dst index, with time resolution of 1 hour, for the mag-
netic activity contribution (equation 2).
Yet for the extreme events, observations show a first cooling of the thermosphere
at around t = 18 hours in the SH and 3 hours later in the NH, where da/dt increases
from less than –60 m/day to –40 m/day. At t = 24 hours, a secondary cooling occurs
in both hemispheres, and slightly later at middle and low latitudes in the NH, leading
the thermosphere to da/dt levels similar to pre-storm levels. This is probably due to en-
hancements of NO at CHAMP’s altitude, leading to a very fast and effective thermostat
effect resulting from the competition between the storm time heating and the NO cool-
ing (Mlynczak et al., 2003; Knipp et al., 2017; Zesta et al., 2018). However, this sudden
cooling is not evident in the JB2008 results. The model in fact overestimates da/dt par-
ticularly after t = 23 hours, but the cooling occurs more symmetrically in all latitudes.
The comparison between observation and model results (Figure 6f3) shows that the model
underestimates ODR during 0 < t < 12 hours, slightly underestimating da/dt at mid-
dle and low latitudes and some overestimation at high latitudes. However, the model sig-
nificantly overestimates ODRs (∆X < –18 m/day) at high latitudes around t = 20 hours
and almost at all latitudes at t > 24 hours. This clearly shows that the model cannot
capture NO cooling effects during the recovery phases of extreme storms at this time (Bowman
et al., 2008; Knipp et al., 2013, 2017; Zesta et al., 2018), although early efforts have been
undertaken in order to capture JB2008 averaged cooling effects for CHAMP and GRACE
for larger time spans (Weimer et al., 2011).
4.1.2 GRACE storm-time ODR results
Figure 7 shows ODR results for GRACE plotted in the same way as in Figure 6.
One of the main differences corresponds to the smaller da/dt levels (around half) in com-
parison to CHAMP, because GRACE was always at higher altitudes than CHAMP. This
confirms results by Chen et al. (2012) and Krauss et al. (2018). In this case the general
JB2008 model performance for all storms is worse than the model performance in the
CHAMP case (Figures 7a1-a3). JB2008 overestimates orbital drag effects at almost all
latitudes, being worse at mid and low latitudes. Even for the minor storms the model
performance is worse (Figure 7b3). Figure 7c1 shows that the NH da/dt of GRACE G2
storms persist longer in the NH in comparison to storms in the other categories. Sim-
ilarly to CHAMP’s strong storms (group G3), da/dt during storms in the same group
in the case of GRACE are highly (although strongly) overestimated at low and equato-
rial latitudes after ZET during 6 < t < 18 hours. For the severe storms (G4), the model
overestimates ODRs in low/middle high latitudes and underestimates ODRs in high lat-
itudes (Figures 7e1-e3).
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GRACE storm-time orbital decay rate data/model comparison
Figure 7. Superposition of GRACE storm-time orbital decay rate da/dt performed in the
same fashion as in Figure 6.
In all cases for GRACE so far, da/dt latitudinal heating caused by TAD propaga-
tion is poorly reproduced by the model. That is the same for the extreme (G5) storms.
The data show rapid and intense heating propagation from auroral to equatorial zones
in a similar way as for the CHAMP case, but the thermosphere cooling effects (t = 18
hours) are slightly different. As shown in Figure 7f1, the observed da/dt decreases first
at high latitudes being followed by mid and low latitudes within 1.5 hour. The observed
results look very similar to the JB2008 results at that time. However, ODRs are over-
estimated between 36 hours and 46 hours and again between 48 hours and 66 hours, with
highly overestimated da/dt levels at t = 62 hours at low latitudes. As a result, as seen
in Figure 7f3, the da/dt difference for the G5 storms are very high after t = 20 hours for
all latitude regions, in addition to high overestimation during 0 < t < 3 hours at high
latitudes particularly in the NH. Again, the da/dt overestimation during the recovery
phases of the extreme storms observed by GRACE result from the lack of NO cooling
effects computed by the model (Knipp et al., 2013, 2017).
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Figure 8. Results of CHAMP superposed epoch analysis for the storm-time orbital decay d(t)
(equation 5), in m. All panels correspond to similar analyses as in Figure 6. Since the time res-
olution of the data is the size of each bin, or 15 minutes, d(t) in each latitudinal bin corresponds
to the temporal cumulative sum along each latitude bin.
4.2 Superposed epoch analysis - storm-time orbital decay (SOD)
4.2.1 CHAMP SOD results
SODs as calculated from equation 5 are shown for the CHAMP SEA in Figure 8.
The general format, time range, and data binning are the same as in Figure 6. Since the
time intervals are the same for all latitude bins, d is the cumulative sum of da/dt along
all latitude bins over time. That is the reason why SODs decrease in all latitude regions
as time progresses.
For all storms (first row), observations show that significant orbital decay (d < –
30 m) occurs first at high latitudes in the NH around t = 14 hours and then gradually
intensifies towards SH high latitudes in the next 6 hours or so (Figure 8a1). This results
from the general high NH levels shown by da/dt in Figure 6a1 which lead to high d val-
ues at high latitudes. As shown in Figure 8a2, the model performs relatively well for all
storms, with low difference ∆d levels (∼ –6 m) in SH high latitudes during recovery phase
(Figure 8a3). Figures 8b1-b3 show that, in general, the same occurs for the minor (G1)
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Figure 9. Superposition of GRACE storm-time orbital decay d(t) performed in the same
fashion as in Figure 8, and calculated from data plotted in Figure 7.
storms, but total decay levels are smaller and occur later. However, the model mostly
underestimates SODs during storm and recovery times. The overall behavior of storms
in the moderate (G2, Figure 8c1) category resembles the general behavior of all storms,
with d being more intense later during storm recovery phase, particularly at the NH high
latitudes. The model ∆d performance is very similar to the model ∆d for all storms (Fig-
ure 8a3). In the case of strong (G3) storms, the model overestimates SODs particularly
at the NH high latitudes. As seen in Figure 8e1, the severe (G4) storms are highly over-
estimated by JB2008. Data observations show that d reaches –30 m around t = 12 hours,
and d near –40 m is reached around t = 18 hours at a small high-latitude range in the
NH and at other latitudes around 26 hours. In contrast, the model overestimates d for
these storms, where they reach values smaller than –60 m around t = 12 hours first at
NH high latitudes and later increasingly at lower latitudes. The overall ∆d is relatively
high for severe storms observed by CHAMP. The observed moderate storm effects are
more intense than the observed strong events because da/dt stayed enhanced longer in
the moderate storm group as shown in Figure 6c3.
As for the extreme storms, data show that satellites decay much faster in compar-
ison to the other storm categories or all storms combined, with the SH being led by the
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NH by ∼ 6 hours (Figure 8f1). Observed SOD reaches –30 m and values smaller than
–40 m around 3 hours and 12 hours after ZET, and becomes even smaller at all latitudes
during storm main phase and storm recovery phase. The model reproduces the general
observed d patterns quite well, except for the high-to-low TAD propagation (Figure 8f2).
As a result and shown in Figure 8f3, JB2008 moderately underestimates SODs between
ZET and t = 36 hours, particularly for the NH, while it overestimates SOD in the SH
after t = 30 hours, more strongly for t > 60 hours.
4.2.2 GRACE SOD results
Figure 9 shows the latitudinal distribution for the SODs occurring during storms
observed by GRACE. Here, d is calculated and plotted in the same way as in Figure 8.
The GRACE d levels are smaller than the CHAMP d levels as a consequence of the higher
GRACE altitude. For all storms, the total observed d response occurs first at high lat-
itudes, being slightly earlier in the NH, and then their effects spread toward low and equa-
torial latitudes. At least in comparison to the SODs at CHAMP altitudes, the GRACE
SODs are more susceptible to energy propagation effects due to TADs at GRACE al-
titudes. This pattern is similar for all storm categories from G1 to G4 categories, with
the satellite decaying faster with increasing storm intensity. The exception is for the mod-
erate storms (Figure 9c1), which show more intense d values in comparison to strong storms
(Figure 9d1). However, the model fails to capture TAD effects in these categories be-
cause total orbital decay becomes more intense at low and middle latitudes before the
high latitudes. As a result, the SOD differences are high in the low latitude regions, par-
ticularly for the moderate (G2) and strong (G3) storm categories (Figures 9c3 and 9d3).
Surprisingly, Figure 9f1 indicates that the SOD observed by GRACE during ex-
treme storms show a different behavior in comparison to the other storm categories. This
behavior is different from the behavior of the extreme storms in the case of CHAMP. d
reaches –15 m 6 hours after ZET at the equator and then gradually decreases toward high
latitudes of both hemispheres in the following 6 hours (see discussion below). Although
the model performance when reproducing SODs is remarkably good between ZET and
24 hours for the extreme storms (Figure 9f2), later ∆d’s increase at mid- and low lat-
itudes in the SH and at high and middle latitudes in the NH hemisphere (Figure 9f3).
This is a result of density overestimation by JB2008 during recovery phases of extreme
storms, possibly associated with the lack of NO cooling effects accounted for by the model,
as shown in Figures 4 and 5.
The corresponding CHAMP and GRACE da/dt results for the G5 storms (Figures
6f1 and 7f1), plotted for an enlarged colorbar range, are shown with more detail in Fig-
ure 10 for CHAMP (top) and GRACE (bottom). CHAMP ODRs are enhanced first at
high latitudes and propagate equatorward within 1.5 hour (da/dt ∼ –75 m/day), but stronger
ODR enhancements (da/dt ∼ –100 m/day) are seen occurring during early storm main
phase at equatorial latitudes around the second orbit. In the case of GRACE, this ef-
fect is more evident because strong ODR effects (da/dt < –60 m/day) are observed at
equatorial latitudes nearly 3 hours after ZET. As a result, this explains the strong d re-
sponse for GRACE occurring first at equatorial latitudes which are observed first at the
NH high latitudes for CHAMP (Figures 8f1 and 9f1, respectively). Such signatures are
consistent with either the global redistribution of high-latitude Joule heating (see, e.g.,
Fuller-Rowell et al., 1994; A. Richmond & Lu, 2000; Oliveira et al., 2017) or possibly from
the direct uplift of the thermosphere through ion/neutral interactions as postulated by
Tsurutani et al. (2007) and Lakhina and Tsurutani (2017). However, as pointed by the
latter authors, the last hypothesis has yet to be tested by nonlinear simulations that take
into account the coupling between gravity, pressure gradients, viscosity, and advection
of neutal atom flow effects, along with the heating and expansion during the uplift pro-
cess.
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Figure 10. Observed CHAMP (top) and GRACE (bottom) storm-time ODRs plotted sim-
ilarly to Figures 6f1 and 7f1, respectively, but with increased colorbar ranges. Strong da/dt
enhancements are seen at equatorial regions for CHAMP and GRACE, but they are more intense
in the case of the latter spacecraft.
4.3 Comparisons of modeled and observed densities
The statistical results for observed (solid blue line) and modeled (solid orange line)
neutral mas densities are obtained for CHAMP (Figures 11) and GRACE (Figure 12),
respectively. They are computed by averaging ρ over all latitude bins for each partic-
ular 15-min temporal bin. Then since density assumes always positive values, a Monte
Carlo/Savitzky-Golay filter scheme is applied to the obtained time series in order to smooth
ρ locally. This method eliminates local spikes and yields more accurate averages for each
temporal bin. See details in Oliveira et al. (2017).
Figure 11a shows results for all CHAMP-observed storms, while (b-f) respectively
show results for the same storms in the groups G1 to G5 as shown in Table 1. The dashed
vertical lines indicate ZET, and the time range of the plots spans around 12 hours be-
fore and 72 hours after ZET. In general, both spacecraft and JB2008 densities show that
peak values occur the earlier the more intense the storm category. In addition, results
show that the model follows the same dynamic response as shown by the observations,
with the model underestimating and overestimating densities during intervals of 3-6 hours
for all storms (Figure 11a), minor storms (b) and moderate storms (c).
CHAMP results for the strong (G3) storm category, Figure 11d, show that JB2008
highly overestimated densities in the interval 3 < t < 24 hours, which explains the high
ODR levels shown in Figure 6d3 and the large SOD difference for t > 24 hours in Fig-
ure 8d3. For the severe (G4) storms, JB2008 overestimates densities for t > 6 hours and
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CHAMP neutral density: observation and model comparison
Figure 11. Superposition of observed CHAMP densities (solid blue lines) and for the modeled
CHAMP densities (solid orange lines). (a) indicates results for all storms, while (b-f) indicate
results for storms in the groups G1-G5 (Table 1). Results are shown in the time interval (t1, t2)
= (−12, 72) hours around zero epoch time. The Monte Carlo/Savitzky-Golay smoothing scheme
of Oliveira et al. (2017) was used in the computation.
the difference becomes stronger as time progresses. This is the reason why ∆d becomes
stronger during late storm recovery phase (Figure 8e3).
Extreme (G5) storm results show that the densities computed by JB2008 are smaller
than the densities observed by CHAMP during the interval 6 < t < 21 hours, and the
situation is inverted after t = 24 hours. This explains the underestimated d values and
the overestimated d values for the extreme storms shown in Figure 8f3.
As represented in Figure 12, similar trends are seen for GRACE. However, JB2008
density computations seem to agree with observations more in the case of GRACE with
respect to the case of CHAMP. This is more evident for the case of severe storms (Fig-
ure 12e), except for the strong storms. Another difference occurs for the extreme (G5)
storms, as indicated by Figure 12f where density is slightly overestimated in the inter-
val 0 < t < 6 hours and then density agrees well with observations in the interval 6 <
t < 18 hours. Then, density becomes highly overestimated for t > 18 hours. This mod-
eled density results explain the highly overestimated SOD shown in Figure 9f3.
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Figure 12. The same as for Figure 11, but for GRACE.
4.4 Storm-time CHAMP and GRACE uncertainties
Now we investigate uncertainties associated with JB2008 when computing densi-
ties at CHAMP and GRACE orbits. Figure 13 shows results for the relative error η =
(ρmod - ρobs)/ρmod of the model/observation comparison calculated from the last two plots
for CHAMP (Figure 11) and GRACE (Figure 12). The solid green lines indicate CHAMP
results, whereas the solid purple lines indicate GRACE results. Panel (a) indicates re-
sults for all events, and panels (b-f) indicate results for storms in the categories with in-
creasing storm intensities. The shaded light gray area corresponds to the ±5% confidence
interval (CI) recommended by the U.S. Air Force for acceptable orbital decay predictions,
and the light orange arrows correspond to key times for the accurate knowledge of storm-
time satellite orbital drag effects (Lewis, 2019).
For all storms (Figure 13a), relative errors of the CHAMP satellite behave well be-
cause they stay inside the ±5% CI during storm times. The model uncertainties are higher
in the GRACE case. Relative errors stay about half of the time inside the CI, being out-
side of it during storm main phase and late storm recovery phase. JB2008 underestimates
data at CHAMP’s orbit during early storm main phase and overestimates density after-
wards. The same occurs for the GRACE case. Figure 13b shows that in the case of mi-
nor (G1) storms CHAMP and GRACE uncertainties were most of the time inside the
CI, with JB2008 underestimating data for CHAMP’s orbits. The case of moderate storms
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Figure 13. Uncertainties of densities computed by JB2008 for CHAMP (solid green lines) and
GRACE (solid purple lines). Panel (a) indicates results for all storms, while panels (b-f) indicate
results for the storms G1-G5 shown in Table 1.
(Figure 13c) is very similar to the case of all storms superposed, except that JB2008 un-
derestimates density for CHAMP’s orbits during the interval 21 < t < 35 hours.
The model behavior for the case of strong (G3) storms is quite different from the
previous storm categories, as shown in Figure 13d. CHAMP and GRACE density un-
certainties stay outside the CI with the GRACE uncertainties being higher than the CHAMP
uncertainties. Maximum relative errors are η ∼ 15% for CHAMP (t = 18 hours) and η
∼ 25% for GRACE (t = 12 hours). Figure 13e shows that the situation is different in
the case of the severe (G4) events, where GRACE’s uncertainties are smaller than CHAMP’s
uncertainties. CHAMP relative errors are inside the CI during the first 12 storm-time
hours, when they increase later during storm recovery phase reaching values up to 18%.
GRACE uncertainties stay inside the CI most of the time, being outside of it only dur-
ing the intervals 18 < t < 22 hours and 44 < t < 62 hours.
Finally, for the extreme (G5) events (Figure 13f), relative errors show that the model
performance for GRACE density predictions is worse than the model performance for
CHAMP density predictions. In the case of CHAMP, densities are underestimated un-
til 22 hours after ZET when it becomes highly overestimated afterwards with relative
errors as high as 25% during late storm recovery phase. In the case of GRACE, η is within
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CHAMP GRACE
Storm category 25Q 〈η〉 75Q 25Q 〈η〉 75Q
All Events 0.98 2.09 3.38 4.02 4.72 6.16
Minor Events [G1] –3.69 –2.18 –1.01 –1.24 –0.15 1.23
Moderate Events [G2] –1.49 1.22 3.25 4.11 4.81 6.40
Strong Events [G3] 4.86 6.77 8.36 12.73 15.37 18.69
Severe Events [G4] 6.22 10.15 13.88 0.02 2.69 5.47
Extreme Events [G5] –2.11 8.30 16.97 7.84 16.60 24.97
Table 2. Statistical values for the CHAMP and GRACE errors, for each storm intensity cate-
gory, shown in Figure 13. These values are calculated for the interval (t1, t2) = (–12, 72) hours.
Q25 and Q75 correspond to the 25% and 75% quartiles, respectively.
the CI only during the interval 6 < t < 18 hours, when later it takes very high values
around 35% at t = 62 hours during late recovery phase.
Statistical values for the relative errors, plotted in Figure 13, for both satellites,
are shown in Table 2. These values are computed over the same time spans shown in that
figure. The values Q25 and Q75 correspond to the 25% and 75% quartiles of the uncer-
tainties, respectively.
The relative errors shown in Figure 13 for both CHAMP and GRACE explain why
satellite orbital drag effects are overestimated during late recovery phases of the most
intense storm categories, particularly in the case of the extreme events. This effect is caused
by high density values produced by JB2008, which impact the computation of orbital
drag effects by increasing their uncertainties as shown by equations (4) and (5). Such
overestimation effects arise because the JB2008 model does not take NO cooling effects
into account when computing densities mainly during late storm main phase and sub-
sequent storm recovery phase (Mlynczak et al., 2003; Bowman et al., 2008; Knipp et al.,
2017; Zesta et al., 2018). The model should be adjusted accordingly in order to incor-
porate NO cooling effects into the density computation physics.
5 Conclusion
In this paper, we investigated the effects of atmospheric air drag forces on the or-
bital decays of spacecraft in low-Earth orbit during a time span longer than a regular
solar cycle. We used data from two LEO satellites, CHAMP and GRACE, which flew
in the upper atmosphere in two different regions separated by ∼100 km altitude, being
GRACE at higher altitudes. We used a data base with 217 distinct CME-driven mag-
netic storms, with 151 CHAMP observations and 213 GRACE observations, totalizing
364 individual satellite observations. We computed orbital decay rates (ODRs) and storm-
time orbital decays (SODs) for each satellite for all magnetic storms by using a novel method
suggested by Oliveira et al. (2017) that captures density dynamics during storms. We
then assessed the performance of a well-known thermosphere mass density model, namely
the Jacchia-Bowman 2008 model (JB2008), by comparing observed and modeled back-
ground neutral densities, used to compute satellite orbital drag effects, by means of su-
perposed epoch analyses with storms of different intensities. The main conclusions of this
work are summarized as follows:
1. As a continuation to a previous work (Oliveira et al., 2017), we increased, with
the extension of the time span from October 2011 to December 2015, our previ-
ous work by nearly 50 magnetic storms. This includes the rising, maximum, and
almost all of the declining phase of SC24. We found that the overall SSNs dur-
ing SC24 are smaller than SSNs in SC23. This reflects on the relative smaller num-
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ber of CMEs arriving at Earth and the subsequent number of CME-driven mag-
netic storms following the CME arrivals. When grouping the storms with respect
to storm intensities, we found that the more intense the storm category, the fewer
the number of storms in that category.
2. We found that storm-time orbital decay rates depend heavily on altitude, as sug-
gested by previous studies (Chen et al., 2012; Krauss et al., 2018). SEA results
show that CHAMP ODRs are twice larger than the GRACE ODRs. da/dt increases
with storm intensity, being strongest for the extreme storm category (G5 group).
Particularly for G5 storms, CHAMP and GRACE show a sudden decrease in da/dt
effects probably due to high production of NO, a very efficient cooling agent in
the thermosphere (Kockarts, 1980; Mlynczak et al., 2003; Knipp et al., 2017; Zesta
et al., 2018). The model overestimates da/dt particularly during storm recovery
phase, but for the extreme storms a slight da/dt underestimation and a strong da/dt
overestimation is seen during storm main phase and storm recovery phase for both
missions.
3. The total orbital decay for CHAMP occurs first at NH high latitudes and then
spread out steadily to SH high latitudes. Generally, storm-time satellite orbital
drag effects increase with storm intensities, being more intense and occurring first
during the strongest storms. GRACE’s SOD response is very similar to CHAMP’s
response, but d is enhanced first at high latitudes, with the NH leading the SH
by a few hours, and later storm effects become enhanced at both hemispheres’ mid-
dle and low latitudes. This behavior is consistent with energy and heating distri-
bution by global wind surge patterns and TADs (Fuller-Rowell et al., 1994; Bru-
insma & Forbes, 2007; Oliveira et al., 2017). However, the extreme storms observed
by GRACE show a different pattern: SOD effects at equatorial and low latitudes
are more strongly enhanced with respect to the high latitudes. These effects are
consistent with Joule heating propagation from high latitudes to low/equatorial
latitudes (Fuller-Rowell et al., 1994; A. Richmond & Lu, 2000; Oliveira et al., 2017).
4. When assessing performance evaluation of density predictions for each satellite or-
bits, we found that uncertainty levels are low for the combination of all storms and
the minor (G1) and moderate (G2) storm categories. In contrast, for both satel-
lites, we found that the storms in the strong (G3) category show high model un-
certainties during late storm main phase but they decrease during storm recov-
ery phase. For the case of severe (G4) storms, CHAMP’s uncertainties are higher
than GRACE’s uncertainties during. CHAMP’s uncertainties increase after late
storm main phase and during storm recovery phase. In the case of extreme (G5)
storms, uncertainties are the largest of all storm categories particularly after t =
20 hours. GRACE’s uncertainties are larger than CHAMP’s uncertainties. We sug-
gest that such prediction errors arise from the lack of NO cooling effects in the JB2008
model (Mlynczak et al., 2003; Bowman et al., 2008; Knipp et al., 2017; Zesta et
al., 2018). Such model deficiencies should be addressed in the future for the im-
provement of density and satellite orbital drag predictions.
The results of this work are consistent with the results found by Bussy-Virat et al.
(2018), who computed probabilities of collision between objects in space affected by ther-
mospheric density uncertainties, as the ones introduced by magnetic storms. They found
that during a severe storm (Table 1), the collision probability increased by 50%. Despite
the fact that probability led to a false alarm according to their collision prediction scheme,
Bussy-Virat et al. (2018) demonstrated the importance of predicting neutral densities
during magnetic storms for satellite orbital drag predictions and forecasting. The results
of this work point out the possible source of errors for satellite orbital drag predictions
during magnetic storms, namely CO2 and NO cooling effects relevant during pre-storm
and recovery phase times, respectively. In addition, this is relevant to our community
efforts in communicating uncertainties of space weather data and models for further im-
proving space weather prediction and forecasting capabilities (Knipp et al., 2018).
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